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Abstract This paper presents the experimental validation of 
3D Fourier method employed for predicting magnet eddy current 
loss in surface mounted permanent magnet (SPM) machines. The 
magnet loss is measured for a 12-slot,14-pole SPM machine from 
experimental tests when the machine is operated with inverter 
under locked rotor conditions by repeating tests with two rotors, 
one with magnets and one without. The eddy current loss 
associated with each significant harmonic in the captured 
armature currents is predicted separately employing the 
developed method and the total magnet loss is evaluated by 
applying the principle of superposition.  The magnet loss at real 
operating conditions of the machine is predicted from the method 
using the phase current captured when the SPM is operating at 
its maximum speed conditions. The result is used as example to 
devise an effective means of further reduction in the total magnet 
loss.  
 
Index TermsEddy currents, finite element method, imaging 
method, permanent magnet, subdomain model. 
I.  INTRODUCTION 
he rotor magnets  of permanent magnet (PM) machines 
used in  high speed and high power density applications 
are exposed to increased rate of alternating magnetic field 
and incur eddy current loss. Eddy currents are more 
pronounced in magnets especially at high speeds for SPM 
machines with modular winding configurations [1, 2], fed by 
3-phase inverter drives with pulse width modulations (PWM). 
An accurate prediction of magnet losses at the design stage, 
not only gives better efficiency evaluation, but also may 
prevent its excessive temperature rise and hence reduce the 
risk of partial demagnetization[3].  
There are a number of analytical and computationally 
efficient quasi numerical methods discussed in literature [4-7] 
to predict magnet eddy current loss at worst operating 
conditions of SPM machines. The state-of-the art finite 
element (FE) based commercial tools for 2D and 3D analysis 
of electromagnetic fields have reached a high level of maturity 
and hence the accuracy of analysis is guaranteed as long as the 
machine model is correctly formulated. Hence, almost all 
publications in literature on prediction of eddy current losses 
in rotor magnets employ 3D FE analysis as a means of 
validating the developed computationally efficient methods. 
From scientific point of view, rotor eddy current loss 
validation based on numerical analysis is far from the ideal. 
The challenges for the experimental validation, however, arise 
from the fact that the amount of rotor eddy current loss is 
relatively small in a well-designed PM machine and it cannot 
be separated from other loss components such as the iron loss 
and mechanical loss by direct measurements. 
Attempts for indirect measurement of eddy current loss 
density in rotor magnets have been reported in literature. 
Since the loss density contributes to the increases in 
temperature,  indirect magnet loss density measurement by 
thermometric method is described in[8] based on the rate of 
temperature rise measured by temperature sensors through low 
noise slip-rings. A similar method is carried out for rotor loss 
measurements in [9, 10] for validating analytical and FE based 
loss predictions. However, the accuracy of these techniques is 
quite limited since the change in the contact resistance of the 
slip rings and brushes introduces significant noise. This 
problem may be avoided by carrying out the temperature 
measurements each time when the machine stops its operation 
as reported in [11]. However, inevitable delay between a 
given operating condition and the measurement is introduced 
and the accuracy is also compromised. The thermometric 
method can only estimate the loss density based on the 
thermal property and geometry of the magnets, and its 
accuracy is often affected by intrusive nature of the sensor 
deployment and no-uniform temperature distribution in the 
magnets as well as the heat exchanges with other regions[12]. 
There are also a few publications [12-15]  in the literature 
which measures eddy current loss of magnets placed inside a 
solenoid coil with sinusoidal excitation.  Since the magnets 
are stationary, the thermal measurements are carried out at 
different currents and frequencies without need for brushes 
and slip rings. These experiments are used to investigate the 
reduction in magnet loss with increase in segmentations. In 
[16] the total iron loss and eddy current loss in rotor magnets 
are separated from the other machine losses  while proposing  
techniques for reducing rotor eddy current loss in an interior 
permanent magnet (IPM) machine with concentrated 
windings. However, it is not possible to separate the rotor 
eddy current loss from the measurements.  In [17] eddy 
current loss in rotor magnets are estimated by subtracting FE 
predicted stator iron loss from the measured sum of total iron 
loss and eddy current loss. The rotor eddy current loss in an 
SPM machine due to inverter PWM operations is separated in 
[18] by subtracting the loss of the machine with the magnets 
from that without the magnets and employing appropriate 
control of armature currents and voltages at locked rotor 
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conditions. 
Computationally efficient techniques for predicting 3D 
eddy current loss in rotor magnets of SPM machines at low 
and high frequencies have been proposed [19-21]. The method 
establishes the distribution of eddy current sources in the form 
of 3D Fourier series in x, y, z directions, and evaluates eddy 
current loss components based on Fourier expansion in three 
dimensions. The 3D eddy current source distribution 
accounting eddy current reaction effect is  included in [22] to  
predict the eddy current loss at high frequencies. However, 
these methods are validated only by 3D FE analysis. In 
addition, the effect of high frequency switching harmonics on 
causing magnet loss is not quantified by experiments in 
general. 
In this paper the techniques for predicting 3D eddy current 
loss in rotor magnets of permanent magnet machines are 
validated by experiments. The magnet eddy current loss is 
separated from other losses by employing locked rotor tests 
with and without magnets on a 14-pole, 12 slot PM machine. 
In addition, the magnet loss accounting all the armature 
harmonics at the real operating conditions is evaluated by 
employing phase currents measured from the experiments at 
the maximum speed conditions in the proposed method. It is 
shown that the contribution of the switching harmonics in the 
phase currents to the total eddy current loss can become 
significant and reaches 50% at the maximum speed 
conditions. 
II.  PREDICTION OF 3D EDDY CURRENT LOSS IN ROTOR 
MAGNET 
The computationally efficient technique for predicting 3D 
eddy current loss in rotor magnets of an SPM machine is 
outlined for readers convenience. It is assumed that the 
magnetic field in rotor magnets is two dimensional with its 
radial and tangential components denoted by rB and tB , 
respectively. The eddy current in the rotor magnets is induced 
by time derivatives of the magnetic field, and they are denoted 
by S ( , )x t y rS B t S B t w w  w w as the sources of the induced 
eddy current. It has been shown in [19] and [20] that by 
satisfying the boundary conditions of the eddy current flow on 
the magnet surfaces, the source distribution within the 
magnets can be expressed as 3D Fourier series of the 
following form: 
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where , yxL L  and zL are the magnet dimensions in the 
tangential (x), radial (y) and axial (z) directions, respectively. 
, ,m n k are the harmonic orders in the , ,x y z  directions, 
respectively. ( , , )a m n k  and ( , , )b m n k are Fourier coefficients 
which can be calculated by the expressions given in [20]. (1) 
and (2) allows to compute the source harmonic components 
within the magnets by applying FFT in the magnet volume.  
 
By introducing a current vector potential A defined 
as JA u , where J is the eddy current density, its 
solutions ( , )x yA A A , which satisfy Poissons equation, 
 2 3A SV  
 
under  the Coulomb gauge 0  A   are given by, 
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where ( , , )c m n k  and ( , , )d m n k  are the coefficients associated 
with (n, m, k)th harmonic given in [20] .  
Consequently, the eddy current density ( , , )x y zJ J J J  can be 
derived from 
(6)A Ju  
as, 
   , ,
1 1 1
7x m n k
m n k x y z
J e sin m x cos n y cos k z
L L L
f f S S Sf
   
§ ·§ · § · ¨ ¸¨ ¸ ¨ ¸¨ ¸ © ¹© ¹ © ¹¦¦¦
   , ,
1 1 1
8y m n k
m n k x y z
J h cos m x sin n y cos k z
L L L
f f f S S S
   
§ ·§ · § · ¨ ¸¨ ¸ ¨ ¸¨ ¸ © ¹© ¹ © ¹¦¦¦
   , ,
1 1 1
9z m n k
m n k x y z
J q cos m x cos n y sin k z
L L L
f f f S S S
   
§ ·§ · § · ¨ ¸¨ ¸ ¨ ¸¨ ¸ © ¹© ¹ © ¹¦¦¦
 
where,    , , , ,,m n k m n ke h and  , ,m n kq  are the coefficients associated 
with (n, m, k)th harmonic for the eddy current densities which 
are derived from  , ,m n ka and  , ,m n kb after the operations defined 
in (3) and (6). 
Once the eddy current distribution is known the total eddy 
current loss at a given time instant is the sum of the losses 
associated with each harmonic component: 
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The coefficients, c(m,n,k), d(m,n,k),  e(m,n,k), h(m,n,k), q(m,n,k) for the 
current vector potential and eddy current densities, and p1(m,n,k) 
- p5(m,n,k) for the total eddy current loss are all arithmetic 
functions of the harmonic order and magnet dimensions which 
are given in [20]. The method of prediction of high frequency 
eddy current loss associated with high frequency harmonics is 
detailed in [22]. With this technique, the prediction of 3D 
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eddy current loss in the rotor magnets can be performed in a 
few minutes in contrast to a few days with 3D time-stepped 
transient FE analysis. 
III.  EXPERIMENTAL TESTING TO MEASURE THE MAGNET LOSS 
A.  Machine Specifications and Rotor Prototyping  
The 3D magnet loss prediction technique developed is 
experimentally validated on a 10kW (peak), 14-pole,12-slot 
SPM machine designed for EV traction applications [23]. The 
cross-section of the machine illustrating its winding 
configuration is shown in Fig.1. The design specifications of 
the SPM are given in Table.1, and the performance indicators 
of the 14-pole,12-slot SPM is detailed in [23]. 
 
 
Fig.1.Cross-section of the 14-pole, 12-slot SPM machine. 
 
Table I 
Design Specifications of the 10kW, 14-pole, 12-slot SPM 
Design parameter Unit Value 
Stator outer radius mm 75.58
Motor stack length mm 122.0
Air-gap length mm 1.0
Rotor radius mm 41.19
Length of magnet mm 14.0
Width of magnet mm 5.8
No. of turns per coil - 8 
No. of coils per phase - 4 
Magnet (NdFeB-N35SH) -Br T 1.22
No of magnet segments (axial)  - 3 
 
To circumvent the difficulty of loss separation, the tests are 
to be carried out under locked rotor conditions. Two rotors are 
built, one with magnets and the other without magnets, as 
shown in Fig.2 (a) and (b), respectively. The adhesive applied 
in between the magnets and the rotor core will provide a thin 
layer of electrical insulation between the two. The magnets 
were pasted non-magnetized. Therefore, when the motor 
windings are excited with appropriate current under locked 
rotor conditions, the magnetic field distributions in the 
machine with two different rotors are essentially almost the 
same, and the only difference is due to induced eddy current 
in the magnets on one of the rotor 
B.  Test Procedure and Loss Measurements 
Initially the testing was carried at the locked rotor 
condition with the rotor without magnets. The machine 
windings were supplied by an inverter with 45A (peak) phase 
currents at 400Hz. Space vector modulation at 8kHz switching 
frequency  is implemented for the inverter while generating 
the 3-phase currents under current feedback control. This 
frequency is selected because in real operation of the machine 
at 3429 rpm, the backward rotating harmonic which is the 
main cause of the eddy current loss in the rotor has a similar 
frequency seen by the rotor. 
Measurements were taken at three different angular 
positions of the rotor each separated by 600 (mech.). 
Theoretically, the measured loss will be independent of the 
locked rotor position if the machine windings are perfectly 
symmetrical and the air gap is uniform. In reality, these 
conditions may not be true due to manufacturing tolerance, 
and hence the measurements at three positions will yield a 
more accurate and consistent average. 
 
    
(a)                                                  (b) 
    
(c)                                  `   (d) 
Fig 2. Prototype rotors and experimental setup. (a) without magnet. (b) with 
magnet. (c) machine assembly with locked rotor. (d) Experimental setup. 
 
The experiment was repeated employing the rotor 
assembled with permanent magnets for the same phase current 
and the measurements were taken at the same three different 
rotor positions and also at the same winding temperatures as 
measured in the previous case without magnets. Winding 
temperature was maintained the same before taking each 
measurement to make sure the winding copper loss is almost 
the same throughout the test. For both the tests power input to 
the machine was measured from the power analyzer 
configured in 2 Wattmeter method and the phase current 
waveforms were captured using the high resolution, high 
bandwidth oscilloscope. The test was repeated when the 
machine windings were supplied with 50A peak phase 
currents at 400Hz and also with 45A peak phase currents at 
450Hz. The 3 test conditions were chosen as the magnet loss 
expected is sufficient large for experimental measurements 
with good accuracy as confirmed from the 2D FE simulations. 
The fully assembled machine with rotor locked and the whole 
experimental set is illustrated in Fig.2 
The phase current magnitudes in the three tests are chosen 
such that the magnet losses incurred at these conditions are 
sufficiently large for experimental measurements.  It is also 
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ensured that these three tests will not result in an excessive 
temperature rise within the machine at the locked rotor 
conditions. In addition, the winding temperature rise is kept 
low as possible, thus avoiding large variations in the copper 
loss because of change in electrical resistivity. 
The measured power inputs to the machine under locked 
rotor conditions with and without magnets for the three test 
cases are listed in Table. II. The resultant power losses are the 
average of the power losses measured at the three different 
angular positions. The phase currents captured from the 
experiments for the three test cases are shown in Fig.3. 
TABLE II 
Power Input Measured from the Experimental Tests 
(case.1=400Hz,45A, case 2= 400Hz,50A, case3= 450Hz,50A) 
Case 
Temperature 
(deg. C) 
Average 
Power loss 
without 
magnets-W1 
(W) 
Average 
Power loss 
with magnets-
W2 
 (W) 
1 30 147.14 167.27 
2 37 175.27 199.70 
3 40 197.47 228.87 
 
Fig.3.Phase current captured during the experiments for the three test cases 
with magnets. 
 
It is observed that there is a small difference in the phase 
currents measured from the two experiments with and without 
magnets for all the three test cases due to current control error 
of the inverter. The variations in the phase currents captured 
from the two experiments for the case-2 are shown in Fig.4. 
Hence a correction towards the copper loss is calculated based 
on the fundamental of each phase currents. This is included in 
the measured power loss for the experiments with magnets. 
The evaluation of the power losses to the machine illustrating 
this correction is shown in Table. III. 
For each test without the magnets, the measured power loss 
should be the sum of the iron loss in the stator and rotor cores, 
and the winding copper loss. For each test with magnets, the 
measured power loss should be the sum of the iron loss in the 
stator and rotor cores, the winding copper loss and magnet 
eddy current loss. Since the two tests without and with 
magnets are performed under the same excitation current and 
frequency, the iron loss and copper loss should be almost the 
same. Therefore, magnet eddy current loss is evaluated from 
the difference in the power losses measured from the two 
tests, with and without magnets after incorporating correction 
in the copper loss previously described. That is,  
 
Eddy current loss in magnets = W2-W1 
 
where W1 denotes the measured power loss without magnets, 
and W2 denotes the measured power loss with magnets after 
correcting the small difference in copper loss. Hence the 
magnet loss measured from the 3 test cases are found be equal 
to 19.09, 22.77and 29.61W respectively. 
 
TABLE III 
CORRECTION IN COPPER LOSS FOR THE MINOR VARIATION IN THE PHASE 
CURRENTS 
Case 
Change in 
fundamental  
current  with 
magnets (A) 
Correction of 
copper loss (W) 
Power loss 
with 
magnets, 
corrected-
W2. (W) 
1 0.29 1.027 166.24 
2 0.38 1.67 198.03 
3 0.45 1.81 227.17 
 
 
Fig.4. Comparison of phase currents captured from the two experiments for 
the case.2 (50A,400Hz). 
IV.  MAGNET LOSS PREDICTION AND COMPARISON OF RESULTS  
The Magnet losses are also predicted for the SPM machine 
at the 3 test cases by the method briefly described in section II 
employing the phase currents captured from the experiments. 
FFT is performed for the one complete cycle to evaluate the 
harmonic contents present in the measured phase currents for 
all the three different test conditions. Fig.5. shows the phase 
current spectrum for the three test cases with magnets. It is 
observed that the total harmonic distortions (THD) are 3.1, 3.1 
and 3.4% for the case 1, 2 and 3, respectively. 
3-D loss predictions are performed using the technique 
described in [20] and [22].  For the machine under 
consideration, each magnet attached to the mesh grids 
discretized into sixty-four divisions along the x- and thirty-two 
divisions along y-directions. Magnet loss at fundamental 
frequency is evaluated for the axial segments from 1 to 10 and 
the results are shown in Fig.6. The points marked in black 
indicate the magnet losses predicted for the prototype machine 
under tests with 3 axial segments. 
It is observed that for all the harmonic contents of 
frequency above 7200Hz, the   eddy current sources are found 
to have significant variations along the axial plane due to eddy 
current reaction effect. Hence for evaluating the loss 
associated with these components axial variations of yS  is 
incorporated before implementing in the 3D Fourier method 
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as described in [22]. The predicted variations of magnet loss 
with increase in axial segmentations for the major high 
frequency harmonics evaluated are shown in Fig.7. Again, the 
points marked in black indicate the losses predicted for the 
test machine with 3 axial segments. 
 
 
(a) Case.1 
 
(b) Case.2 
 
(c) Case.3 
Fig.5 Harmonic spectrum of the phase currents captured from the three test 
cases. 
 
Fig.6. Variation of magnet losses due to fundamental with increase in axial 
segmentations evaluated from the 3D Fourier method for the three test cases. 
 
It is worth noting that the increase in the magnet losses due 
to high frequency current harmonics with initial increase in 
the number of axial segments [21] is not observed here.  This 
is because the low circumferential width ( xL =14mm) of the 
magnet reduces the eddy current reaction effect and hence the 
difference in the time derivations of flux density along the 
middle and the axial edges is relatively small. For example, 
Fig.8 compares the flux density derivative variations along the 
middle of the magnet and its axial ends when the magnet pole 
arc angle (Bm) is increased from 1320 (used in the tests) to 
1750. The resultant variations of the magnet loss with increase 
in axial number of segments for these cases are shown in 
Fig.9. 
 
 
(a) 400Hz,45A. 
 
 
(b)  400Hz,50A. 
 
 
(c) 450Hz,50A. 
 
Fig.7. Predicted loss variations due to high frequency current harmonics with 
increase in axial number of segments. 
 
 
Fig.8.Comparison of time derivatives of flux density along the axial end and 
the middle of the magnet with two pole arc angles when supplied with 0.65A 
at 16200Hz. 
 
When the pole arc angle is 1750, the high frequency eddy 
current loss increases slightly with initial increase in the 
number of axial segments. This is because strong eddy current 
reaction tends to reduce magnet loss but the initial axial 
 6
segmentation weakens the eddy current reaction, and hence 
increases the loss. With further increase in axial segmentation, 
the resistance to eddy current flow is significantly increased, 
and hence the eddy current loss decreases monotonically. 
As the saturation effect is not significant at the given 
operating conditions, the total magnet loss under the locked 
rotor condition can evaluated from the summation of 
individual harmonic losses. The magnet losses measured from 
the experiments and predicted by the proposed method for the 
three test cases are compared in Table IV. 
 
 
Fig.9. Comparison of magnet loss with increase in axial segmentation for pole 
arc angles 1320 and 1750 when supplied with 0.65A at 16200Hz. 
 
TABLE IV 
COMPARISON OF MAGNET LOSS MEASURED FROM EXPERIMENTS AND 
PREDICTED BY 3D FOURIER METHOD 
Test case 
Magnet loss 
measured (W) 
Magnet loss 
predicted (W) 
Error(%) 
Case.1 19.09 17.52 8.22 
Case.2 22.76 21.45 5.76 
Case.3 29.61 27.45 7.28 
 
It is observed that the experimental results agree closely 
with the results obtained from the prediction. The difference 
in measured and predicted losses may be attributed to a 
number of factors. First, the end winding effect is neglected in 
the proposed prediction method. Minor changes in iron losses 
in two tests with and without magnets may also exist. In 
addition, the conductivity of magnets used in the prediction 
based on datasheet may be different from that of the real 
magnets. From the predictions, the total magnet loss can be 
separated into the component associated with the fundamental 
and those due to switching harmonics as given in Table V. 
 
TABLE V 
PREDICTED MAGNET LOSS ASSOCIATED WITH FUNDAMENTAL AND SWITCHING 
HARMONICS 
Test case Fundamental  (W) Switching harmonics (W) 
Case.1 10.17 7.35 
Case.2 12.55 8.90 
Case.3 15.89 11.57 
 
It is worth nothing from Table V that the contribution of 
switching harmonics towards the magnet eddy current loss is 
significant and is over 40% of the total magnet loss for all the 
three test cases even though the THD is just over 3%. 
V.  MAGNET LOSS AT THE MAXIMUM SPEED CONDITIONS OF 
THE MACHINE. 
As the 3D Fourier method has been validated by 
experiments at the locked rotor conditions, it can be employed 
to predict the magnet loss at any operating conditions of the 
SPM machine.  Experiments are conducted to validate the 
performance characteristics of the 14-pole, 12-slot SPM 
machine [23]. Phase currents are captured and the 
corresponding torque is measured at various operating 
conditions of the machine. Likewise, in the magnet loss 
validation experiments discussed previously, 8kHz switching 
frequency is employed for the inverter for the performance 
validation experiments. 
The actual magnet losses in the fractional slot SPM 
machine could be significantly due to the interaction of 
forward and backward rotating harmonics in the armature 
reaction [24] as well as the high frequency switching 
harmonics. Hence, the magnet loss is predicted by employing 
the phase currents captured when the machine is delivering 7 
kW power (15 Nm) at 4500 rpm.  This particular operating 
point is chosen as it corresponds to the maximum speed of 
operation under field weakening [23]. The magnet loss is 
expected to be much larger at this operating condition because 
of the high fundamental frequency and high THD. The phase 
current recorded at the above operating conditions of the 
machine for one full cycle is shown in Fig.10. At this 
operating condition the phase current demand to the inverter 
control was 74.5A ( qI =35A, dI =-65.75A). 
 
 
 Fig.10. Phase current captured for a cycle when the 14-pole,12-slot SPM 
machine is operating at maximum speed (4500 rpm) and delivering 7kW 
power. 
 
 
Fig.11. Harmonic spectrum of the phase current captured at the maximum 
speed. 
 
FFT is performed to evaluate the different harmonic 
contents in the phase currents obtained at this real operating 
condition.  THD for the phase current is observed as 4.5%. 
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Fig.11 shows the phase current spectrum for the phase current 
at the maximum speed conditions. 
The magnet loss is predicted for each major harmonic 
frequency content available in the phase current captured. As 
discussed previously, the 3D magnet loss is evaluated 
employing the axial source variations for all high order 
harmonics which are affected by eddy current reaction effect. 
The predicted magnet losses associated with all the significant 
harmonics under the operating condition is consolidated in 
Table VI. It should be noted that that the presence of the even 
order time harmonics in the phase current is due to imperfect 
symmetry of the 3-phase winding and in inverter. As the core 
saturation associated with phase current is not significant in 
the SPM machine for the operating condition considered, the 
superposition is employed to evaluate the total magnet eddy 
current loss. 
It can be seen that the magnet loss associated is 105.87 W 
at the maximum speed operation. Also the table above shows 
that the loss associated with higher order harmonics is close to 
41.37% of the total loss at the operating conditions specified.  
Hence it is clear that the loss associated with the switching 
harmonics is significant and cannot be neglected while 
predicting the total magnet loss at the real operating 
conditions of the machine. For example, the amplitude of the 
16800Hz harmonic is about 2.12% of the fundamental but it 
incurs 25.59% of the loss associated with the fundamental. 
 
TABLE VI 
MAGNET LOSS FOR THE MAJOR HARMONIC CONTENTS FOR OPERATION AT 
MAXIMUM. SPEED. 
Fundamental 
and other 
harmonics order 
Frequency  
(Hz) 
Peak Current 
 (A) 
3D Loss  
(W) 
1 525 74.29 61.69
2 1050 1.07 0.18
3 1575 0.69 0.15
5 2625 0.42 0.16
11 5775 0.48 0.45
13 6825 0.51 0.62
17 8925 0.57 0.67
26 13650 0.37 0.32
29 15225 0.72 1.57
30 15750 1.67 15.27
31 16275 0.87 3.57
32 16800 1.57 15.79
33 17325 0.49 0.97
43 22575 0.27 1.17
48 25200 0.39 1.37
57 29925 0.19 0.85
60 31500 0.25 1.07
Total 105.87
 
A 3D model of the 14-pole, 12-slot SPM machine is 
constructed in CEDRAT- FLUX 3D as described in [23]. 3D 
transient FE analysis is carried out by employing the phase 
current given Fig.10 over 600 electric angular divisions along 
1/6th of an electrical cycle and the results are averaged to 
predict the 3D eddy current loss within the magnets. It is 
observed the total magnet loss predicted by 3D FEA at this 
condition is 101.57W. 
The similarity of the results obtained justifies the method 
of superposition applied to the loss associated with individual 
harmonics while predicting the total magnet loss. The miss 
match in the results can be attributed to the saturation of the 
core material as a result of increased phase currents in the 
SPM machine. The difference in results can also be the 
attributed to the lower number of angular discretization in 3D 
FEA for each cycle of higher order harmonics to avoid 
enormous increase in the computation time. 
VI.  CIRCUMFERENTIAL SEGMENTATION FOR FURTHER 
REDUCTION IN MAGNET LOSS 
The increased magnet loss at the real operating conditions 
suggests the designer to further segment the magnets and thus 
reduce the total eddy current loss. While the contribution of 
higher order harmonics is significant, as seen from Fig.7 that a 
small increase in the number of axial segments (from the 
existing 3) will result only in a little reduction in the loss, axial 
segmentation is not preferred for further reduction of magnet 
loss. This is because a minor increase in axial segmentation 
cannot result in a large increase in the resistance towards the 
eddy current flow. 
 
 
Fig.12. Normalized MMF space harmonic distribution for the 14-pole,12-slot 
SPM machine. 
 
 
Fig.13. Magnet loss associated with time harmonic seen in the rotor due to 
fundamental MMF space harmonics in the 14-pole,12-slot SPM machine at 
maximum speed 
 
In the 14-pole, 12-slot fractional slot machine under study, 
the MMF space harmonics due to fundamental current are of 
the order 1, 5, 7, 11, 13, 17, 19, 23, 29, 31 etc.  as shown in 
Fig. 12.  It can be shown that these space harmonics give rise 
to the dominant time harmonics seen by the rotor of the order 
6, 12, 24, 36 . The loss associated with different space 
harmonics when supplied only with the fundamental phase 
current at the maximum speed conditions is shown in Fig.13. 
It can be seen that the 12th order is dominant and its 
wavelength is  20.04mm. When the magnet per pole is not 
segmented circumferentially, the wavelength of the dominant 
frequency harmonic is close to the unsegmented width of 
14.0mm. This will result in large eddy current loss. Therefore, 
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a larger reduction in the magnet loss [20, 25] can be achieved 
by circumferential segmentation.. The circumferential 
segmentation also breaks periodic return paths of the eddy 
current flow due to high frequency time harmonics in the 
phase current, and hence reduces their losses.  
Hence, for example, an increase in the magnet segments to 
four along the circumferential direction and keeping the same 
3 axial segments as before has resulted in the reduction of 
total magnet loss to 20.59W at the maximum speed condition 
of the PM machine. Also it is observed that the magnet loss 
associated with the fundamental and higher order harmonics 
are 10.17W and 10.42W, respectively. As discussed 
previously, the result proves the method of circumferential 
segmentation has significantly reduced the total magnet loss 
associated with both the fundamental and higher order 
harmonics. 
VII.  CONCLUSION 
The computationally efficient 3D Fourier method for 
predicting eddy current loss in rotor magnets has been 
experimentally validated on the 14-pole, 12-slot SPM machine 
by employing locked rotor tests. Due to PWM operation of 
inverter fed drives, the switching harmonics in phase currents 
are accounted in the prediction. It is observed that the 
contribution of the switching harmonics in the phase currents 
to rotor eddy current loss can become significant even though 
phase current THD is relatively small. The eddy current loss 
due to switching harmonics can be close to 50% of the total 
eddy current loss at the maximum speed of operation. The 
accuracy of the results proves the superposition method can be 
employed to predict the total magnet loss associated with all 
the phase current time harmonics in SPM machines. By 
analyzing the wavelength of the dominant time harmonics 
seen in the rotor, the method of circumferential segmentation 
can be devised to effectively reduce the total magnet loss by 
breaking the periodic eddy current return paths. 
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